Abstract Given that drugs and their degradation products are likely to occur as concoctions in wastewater, the degradation of a mixture of two nonsteroidal anti-inflammatory drugs (NSAIDs), diclofenac (DCF) and naproxen (NPX), was investigated by solar photolysis and titanium dioxide (TiO 2 )-mediated solar photocatalysis using an immersion-well photoreactor. An equimolar ratio (1:1) of both NSAIDs in distilled water, drinking water, and river water was subjected to solar degradation. Solar photolysis of the DCF and NPX mixture was competitive particularly in drinking water and river water, as both drugs have the ability to undergo photolysis. However, the addition of TiO 2 in the mixture significantly enhanced the degradation rate of both APIs compared to solar photolysis alone. Mineralization, as measured by chemical oxygen demand (COD), was incomplete under all conditions investigated. TiO 2 -mediated solar photocatalytic degradation of DCF and NPX mixtures produced 15 identifiable degradants corresponding to degradation of the individual NSAIDs, while two degradation products with much higher molecular weight than the parent NSAIDs were identified by liquid chromatography mass spectrometry (LC-MS) and Fourier transform-ion cyclotron resonance-mass spectrometry (FT-ICR-MS). This study showed that the solar light intensity and the water matrix appear to be the main factors influencing the overall performance of the solar photolysis and TiO 2 -mediated solar photocatalysis for degradation of DCF and NPX mixtures.
Introduction
Drug products (pharmaceuticals) containing active pharmaceutical ingredients (APIs), despite being originally designed to treat a variety of ailments in humans and animals, have in fact turned out to adversely impact the environment due to their excessive use and subsequent occurrence or accumulation in surface water, groundwater, urban wastewater, and also drinking water (Santos et al. 2010; Ziylan and Ince 2011) . The nonbiodegradable nature and relatively high solubility of the APIs render conventional biological and chemical treatments ineffective (Mompelat et al. 2009 ) as a result of a reduced likelihood of sorption, electrostatic interactions, and chemical bonding with particulates. This leads to an increased presence and persistence of the parent drugs and their metabolites (and their inherent biological activities) in both aquatic and terrestrial environments (Klavarioti et al. 2009 ).
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Advanced oxidation processes (AOPs) such as ultraviolet (UV) oxidation and photocatalytic oxidation are becoming increasingly popular. The semiconductor titanium dioxide (TiO 2 ) has also been actively investigated in pollutant abatement (including pharmaceuticals), mineralization, and biodegradability studies for application in wastewater treatment (Deegan et al. 2011; Kanakaraju et al. 2014a) .
Even though solar radiation (i.e., sunlight) varies with geographic latitude, time of the day, time of the year, cloud cover, and also atmospheric conditions (Sirtori et al. 2010) , compared to artificial UV light, it constitutes a sustainable and green energy source. Of the solar radiation that reaches the Earth's surface, whether it be diffuse or direct, 53 % is infrared radiation, 43 % is visible light, and 4 % is UV radiation (>300 nm) (Oppenlander 2003 et al. 2013) . Among the AOPs, TiO 2 -mediated photocatalysis can benefit from the application of direct sunlight (BlancoGalvez et al. 2007) . While doping and cosensitization of TiO 2 photocatalysts can improve the absorption properties, these modifications make water treatments on a large scale uneconomical (Henderson 2011; Murphy et al. 2012) . Most demonstration-scale solar degradation studies have thus been realized using unmodified TiO 2 (Bahnemann 2004) .
Pharmaceuticals rarely occur in the environment alone. The need to understand how they and their degradation products impact each other and the environment has prompted the investigation of mixtures of the two nonsteroidal anti-inflammatory drugs (NSAIDs), namely diclofenac (DCF) and naproxen (NPX). DCF and NPX are commonly used as analgesic, anti-arthritic, and antirheumatic agents. They were chosen because of their elevated use worldwide and their frequent detection in environmental matrices such as surface water and wastewater treatment plant (WWTP) influents and effluents (HallingSørensen et al. 1998; Zhang et al. 2008; Zhang et al. 2011; Ziylan and Ince 2011) . Approximately 15 % of DCF is excreted unchanged after human consumption with traces being detected in WWTP effluents and surface water (Kaur et al. 2016) . The detection of elevated concentrations of NPX in the WWTP effluent compared to the influent, despite high removal rates (>80 %) during wastewater treatment, has been rationalized based on the presence of high levels of hydrolyzable phase II metabolites (Ziylan and Ince 2011) . In terms of toxicity, a study by Cleuvers (2004) showed that the effects of mixtures containing NPX and three other NSAIDs, ibuprofen, DCF, and acetylsalicylic acid, on Daphnia and algae is more likely to be chronic. This is due to the concept of concentration addition, whereby low (but persistent) concentrations of mixtures of pharmaceuticals in the environment are considerably more toxic than equivalent concentrations of single substances.
The occurrence of environmental problems anticipated from the presence of NPX and DCF has resulted in researchers assessing photolysis and photocatalysis processes for their removal. Solar photolysis of DCF (Boreen et al. 2003; Packer et al. 2003; Bartels and Von Tümpling 2007; Peuravuori 2012) and NPX (Packer et al. 2003) as individual APIs has been reported. Seasonal variations, intensity differences of the solar radiation, and water depth all affect the degradation of DCF in natural surface waters by direct or indirect routes (Bartels and Von Tümpling 2007) . NPX can be readily photodegraded under sunlight in short periods of time due to its UV absorption up to 350 nm (Packer et al. 2003) . Likewise, TiO 2 -mediated solar photocatalysis of NPX (Méndez-Arriaga et al. 2008a; Prieto-Rodriguez et al. 2012) and DCF (Calza et al. 2006; Méndez-Arriaga et al. 2008b; Kockler et al. 2012 ) has been performed using a solar simulator and direct sunlight. Although these studies revealed that TiO 2 -mediated solar photocatalysis processes, either by direct sunlight or artificial solar light, were found to be efficient to degrade NPX and DCF, results vary due to the differing experimental conditions. Nonetheless, reports on the degradation of their mixtures by solar radiation are lacking.
Therefore, the present study aims to determine the efficiency of solar photolysis and TiO 2 -mediated solar photocatalysis for the degradation of DCF and NPX in aqueous mixtures. Solar degradation experiments of DCF and NPX mixtures were conducted with an immersion-well photoreactor which allowed for direct comparison to previous experiments with artificial UV light using otherwise identical conditions (Kanakaraju et al. 2014a ). For solar applications on industrial scales, concentrated sunlight could be an economical alternative (Bahnemann 2004) . The performance of solar radiation for API degradation was evaluated based on degradation kinetics and the chemical oxygen demand (COD), which can be used as an indicator to determine the degree of mineralization (Nasuhoglu et al. 2011) . Literature has indicated that the experimental setup and sampling conditions affect the availability and identification of degradation products (Kosjek et al. 2007) . In an effort to identify degradation and photoproducts of DCF and NPX mixtures, a medium pressure Hg lamp was employed under controlled conditions. Putative degradation products of DCF and NPX were identified using liquid chromatography mass spectrometry (LC-MS) and Fourier transform-ion cyclotron resonance-mass spectrometry (FT-ICR-MS) (Kanakaraju et al. 2015a, b) .
Materials and methods

Materials
Diclofenac and naproxen sodium salts (Fig. 1) were purchased from Sigma-Aldrich (USA) and were used as received. TiO 2 (P25 Aeroxide® comprising 80 % anatase and 20 % rutile, Brunauer-Emmett-Teller (BET) surface area 50 m 2 /g) was supplied by Evonik Industries. High performance liquid chromatography (HPLC) methanol and acetic acid, glacial were obtained from RCI Labscan. Stock, standard solutions, and mobile phases were prepared using ultrapure water from a Milli-Q system (18.2 MΩ/cm, Millipore) while laboratory grade distilled water was used for preparing the solutions for the solar photodegradation experiments. River water was freshly sampled from the Ross River in Townsville, Australia (19°18′ 59″ S, 146°45′ 7″ E) and stored unfiltered for up to 2 h at 4°C prior to irradiation and analysis. Unfiltered river water samples were used for photodegradation experiments to mimic environmentally relevant conditions (Kanakaraju et al. 2014b) . Drinking water samples were freshly sampled from the Townsville municipal water supply. The water quality of river water and drinking water samples, based on physicochemical properties, have been reported elsewhere (Kanakaraju et al. 2014b ).
Solar degradation study
Solar degradation studies were performed in 2012 on sunny days between July and September. All solar photochemical experiments were carried out at the James Cook University campus (latitude 19°19′ 42″ S and longitude 146°45′ 36″ E) in Townsville, Australia.
An immersion-well reactor was used for solar degradation studies (Fig. S1 ). While not purposely designed for solar studies, which typically utilize flat and shallow reactors, the use of an immersion-well reactor enabled standardization of the method and direct comparison of different light sources (natural sunlight vs lamp). The immersion-well photoreactor (Heraeus UV-RS-1, Germany, length of 38.4 cm with an optical path <2 cm) was made of Pyrex glass (cutoff wavelength ≤290 nm). Cooling water was circulated from a reservoir using a pump driven by a solar panel. Samples were withdrawn at regular intervals from the top of the reactor during the 6 or 7 h of solar exposure. The intensity of solar radiation was recorded using a digital lux meter for all solar photodegradation studies and was found to naturally fluctuate during the days and times of the experiments conducted. Since degradations are complex, it was not possible to correlate exactly the intensity of light to the extent of degradation, especially at a later stage of the treatment, when multiple intermediates compete in the degradation processes.
The efficiency of sunlight to degrade APIs was determined by varying the water matrix. Distilled water, drinking water, and river water were spiked with NPX and DCF (1:1). Laboratory grade distilled water, freshly sampled drinking water samples from the laboratory at James Cook University, and river water sampled from the Ross River were used for all solar photodegradation studies. Direct solar photolysis (without TiO 2 ) and photocatalysis (with TiO 2 ) experiments were carried out with API initial concentrations of 30 mg/L. The concentration of TiO 2 suspended in the API solutions was 0.1 g/L, chosen based on the optimized concentration in laboratory experiments using the same photoreactor (Kanakaraju et al. 2014b) . All experiments were performed at the ambient pH. Given the addition of TiO 2 reduces the solubility of both individual APIs and mixtures, all samples for the photocatalytic experiments were sonicated for 5 min in an aqueous medium; slightly longer sonication was required for mixtures of DCF and NPX and TiO 2 in drinking and river water, due to their lower solubility in these media. The adsorption-desorption process was allowed to establish in darkness for 15 min before the first sample (t 0 ) was withdrawn and the adsorption was determined by HPLC (details provided in BExperiment for identification of degradation products^section). The concentration of free DCF and NPX at t 0 was used for kinetic evaluations. Samples were withdrawn at fixed times during the solar exposure period and prefiltered through a 0.22-μm syringe filter prior to quantification by HPLC.
Experiment for identification of degradation products
For the identification of degradation products in the 1:1 DCF and NPX mixtures, the same immersion-well photoreactor from the solar study was used but irradiation was performed with a medium pressure Hg vapor lamp (TQ 150 Heraeus Noblelight, Germany, 150 W). The reactor containing 400 mL of the 1:1 DCF and NPX mixture (250 mg/L each) and TiO 2 (0.1 g/L) was irradiated for 2 h. The initial concentration of the DCF and NPX mixtures was increased to 250 mg/L, as the concentration used in the above solar study (30 mg/L) did not yield detectable quantities of degradation products. Samples withdrawn after 2 h were analyzed using LC-MS and FT-ICR-MS.
Analytical methods
The degradation of all APIs was monitored using a Varian 940-LC HPLC equipped with a photo diode array (PDA) detector. The stationary phase was a C-18 Phenomenex column (150 × 4.6 mm, 2.6 μm). The HPLC method for the (a) (b) The injection volume was 20 μL, and the separation was accomplished isocratically using a flow rate of 0.5 mL/min. Detection wavelengths of 274 and 230 nm were chosen for DCF and NPX, respectively, both corresponding to their maximum absorbance. LC-MS and FT-ICR-MS analyses were performed to identify the degradation products formed during TiO 2 -mediated solar photocatalysis of the different DCF and NPX water mixtures. Separation and identification of photoproducts was achieved using an Agilent 1100 HPLC system comprising a degasser, autoinjector, binary pump, and PDA detector connected to a Bruker Esquire 3000 ion trap mass spectrometer with an Apollo electrospray ionization source (ESI) ion source operating in either positive or negative mode. All LC-MS data were collected using Bruker Daltonics Esquire Control v5.3 and Hystar v3.1 operating on Windows XP Professional. The API standard (10 μL) and UV/TiO 2 irradiated sample (100 μL) were injected onto a C18 Phenomenex column (150 × 4.6 mm, 2.6 μm) using the same conditions as described above, monitoring at a wavelength of 220 nm. MS analysis was performed using the following conditions: nebulizer gas 20 psi, drying gas 6.0 L/min, and drying temperature 350°C. The presence of the parent and product ions was determined by monitoring the base peak chromatogram (BPC) and the extracted ion chromatograms (EICs). High-resolution MS data were acquired on a Bruker BioApex 47 FT-ICR-MS with an ESI Analytica of Branford source. Both the API standard and irradiated samples were analysed in both (+/−)-ESI within a mass range of m/z 50-2000 via direct infusion of the diluted LC-MS sample (1:100 methanol) at a flow rate of 1.7 μL/min. COD, which estimates the amount of organic matter in a water sample based on chemical oxidation and hence the degree of mineralization, is used throughout the wastewater industry, because results are reproducible, economic, and are available in hours rather than days unlike other methods to measure amount of organic matters including biochemical oxygen demand (BOD) and total organic carbon (TOC). COD in the phototreated samples was determined using a strong oxidizing agent, potassium dichromate, under acidic conditions following the closed reflux titrimetric method (Standard Methods for the Examination of Water and Wastewater Method 5220D) (APHA 1992) .
All experimental data were tested using zero order (C t = -kt + C 0 ), pseudo-first-order (C t = C 0 e −kt ) and second-order (C t / C 0 (1 − C 0 ) = kt) kinetic models, where C 0 is the initial concentration of the APIs, C t is the concentration of APIs at time t, and k is the rate constant.
Results and discussion
Solar degradations of mixtures of diclofenac and naproxen
All degradations obeyed pseudo-first-order kinetics, except for the experimental data from the TiO 2 -mediated solar photocatalysis of NSAIDs in drinking water, which followed a second-order-kinetic model (Table 1 ). Solar photolysis of 1:1 DCF and NPX mixtures showed a constant but slow progression in the degradation over time in all water matrices (Fig. 2) . Degradation of NPX was incomplete within the chosen time frame in all water matrices in the presence of DCF, but was more efficient in distilled water (Fig. 2a) . Similarly, the degradation of DCF was retarded in the presence of NPX in all water matrices except distilled water (Fig. 2a) where it was completely eliminated.
For the 1:1 mixture, degradation of NPX ranged from 79 to 96 % with the highest degree of degradation occurring in distilled water (k = 0.0092 ± 0.0004, R 2 = 0.99), followed by drinking water (k = 0.0044 ± 0.0003, R 2 = 0.99) and river water (k = 0.0046 ± 0.0005, R 2 = 0.99). A similar order in terms of water type was also observed for DCF degradations, although slightly higher degradation percentages of between 91 and 100 % were obtained. Under all solar conditions investigated, DCF degraded much faster than NPX. This was somewhat unexpected as NPX's absorbance extends deeper into the solar spectrum compared to DCF (Fig. S2) . The relative photoabsorption of NPX has likewise been reported to be 15 times that of DCF (Moore et al. 1990 ). However, DCF is known to photodegrade very rapidly (Encinas et al. 1998) , whereas the excited state of NPX is easily quenched by oxygen (Boscá et al. 2001) . Photophysical deactivation processes, or inner-filter effects of photodegradation intermediates may furthermore limit the photochemical degradation efficiency of NPX. In addition, other components like bicarbonate present in the natural water matrices may have competed for photon absorption (Ljubas 2005) . Photodegradation in these water systems may thus be determined by photosensitized reactions and not just direct photolysis. DCF also possesses the ability to absorb solar photons, resulting in competition between these two APIs. This trend agrees with the results obtained on irradiation with the medium pressure Hg lamp under laboratory conditions (i.e., artificial light) and the fact that DCF showed higher photolability (Kanakaraju et al. 2014b) . It is also likely that the naturally occurring organic compounds in both drinking water and river water impede the degradation of the APIs by interacting directly with them and modifying their chemical characteristics, hence altering their photolability (Loiselle et al. 2012) .
In comparison, the degradation levels of DCF alone by solar photolysis were slightly lower than those observed in the presence of NPX, with 82-96 % degradation (Kanakaraju et al. 2014b) (Table S1 ). When NPX alone was irradiated, a higher degradation rate of between 93 and 100 % compared to that in the presence of DCF was accomplished (Table S1 ). This reverse trend suggests that the presence of DCF has a greater effect on NPX and vice versa. This observation might also explain the lesser extent of NPX degradation under solar photolysis, despite its greater wavelength overlap with the solar spectrum.
Degradation profiles of mixtures in drinking water (Fig. 2b ) and river water (Fig. 2c) showed similar trends. A steep slope indicating a rapid increase in degradation was observed at the beginning of solar exposure, whereas a more gradual slope was observed as the reaction proceeded. In both cases, UV spectra did not show any major differences between the treated drinking water (Fig. 3a) and treated river water (Fig. 3b) ; however, there were differences observed between 0, 60, and 360 min time intervals within each treatment.
The UV spectra of the two mixtures showed a change in the chemical composition, with the NPX maximum absorption at 230 nm decreasing over time. Furthermore, the DCF maximum absorption at 276 nm overlapped with the detection of new maxima at 260 and 315 nm; it is not apparent from these spectra whether the maxima associated with DCF is actually decreasing. While not absolute, the presence of these new peaks is characteristic of the formation of aromatic organic intermediates (Rizzo et al. 2009; Kockler et al. 2012) during solar exposure. Changes in degradation efficiencies of the APIs in the mixtures suggests competition between the APIs for solar photons and/or possible chemical interactions between the parent compounds and their intermediates (Priya and Madras 2006) . It is therefore likely that in the environment, photolytic degradations of mixtures of APIs by direct sunlight might be reduced. In addition, solar photolysis is generally unable to remove APIs completely (Malato et al. 2002) . TiO 2 -mediated solar photocatalysis was consequently investigated as a more effective removal method. All degradation profiles resulting from the TiO 2 -mediated solar photocatalysis showed a rapid, almost linear response to exposure time leading to complete degradation (Fig. 4) . NPX underwent faster degradation than DCF based on the observed rate constants during TiO 2 -mediated solar photocatalysis in all water matrices (Table 1) .
The presence of TiO 2 in the mixture significantly enhanced the degradation rate of both APIs compared to the solar photolysis (Table 1) . For example, the pseudo-first-order rate of solar photolysis of DCF increased from k = 0.0095 ± 0.0008 to k = 0.1392 ± 0.0035 in the presence of TiO 2 . This confirms the effectiveness of TiO 2 -mediated solar photocatalysis to degrade mixtures of both APIs simultaneously in a number of water matrices. Degradation of mixtures by solar photocatalytic oxidation corresponded well to the average amount of solar light intensity recorded during the experiments, which was higher than those recorded for solar photolysis. For realistic solar applications, concentrated sunlight (Bahnemann 2004) in combination with TiO 2 would thus be a viable alternative.
A recent study by Pereira et al. (2013) also reported on the effectiveness of the TiO 2 solar photocatalytic process in the concomitant removal of two antibiotics, oxolinic acid and oxytetracycline, from contaminated water. The lower initial rates observed for the aqueous mixture compared to the individual compounds were attributed to the competition of each compound for holes or HO· radicals. Although degradation of NPX proceeded at a much faster rate initially, the time period required for complete degradation was similar for both APIs in all water matrices. For example, the initial degradation rate observed for DCF in drinking water was significantly slower, but more consistent, while the majority of NPX degraded more rapidly with the rate slowing at ∼95 %. Even so, at 240 min both NPX and DCF were completely removed from the solution.
Mineralization
COD analysis has been applied to measure the total quantities of oxygen required to oxidize organic matters into simpler forms such as water and carbon dioxide (Kumar et al. 2016) . Indeed, recent studies have opted to measure COD to determine organic matter mineralization (Hermosilla et al. 2015) . COD monitoring for the aqueous mixtures indicated a higher efficacy of TiO 2 -mediated solar photocatalysis (Fig. 5a ), compared to solar photolysis (Fig. 5b) . COD reduction proceeded slowly when the APIs were exposed to sunlight simultaneously. Total COD reductions of 76, 65, and 60 % were achieved by TiO 2 -mediated solar photocatalysis for API mixtures in distilled water, drinking water, and river water, respectively, after 360 min (Fig. 5a ). Slightly higher COD reductions by TiO 2 -mediated solar photocatalysis in distilled water compared to the other two media suggest that the presence of ions in the latter inhibited photodegradation and hence decreased the mineralization efficiency (Rioja et al. 2016) . Degradation initiated by solar photolysis produced only partial reduction of COD for the mixtures. COD reductions by solar photolysis ranged between 49 and 58 % for all water matrices (Fig. 5b) . Solar photolytic and TiO 2 -mediated solar photocatalytic processes in the river water mixture proceeded to similar levels resulting in an overall COD reduction of 58-60 %. This slightly poorer performance is most likely the result of the formation of photoproducts, that are more resistant towards both treatments. 
Degradation products of diclofenac and naproxen mixtures
A sample withdrawn from the TiO 2 -mediated photocatalysis of a 1:1 DCF and NPX mixture (250 mg/L each) after 120 min of irradiation with a medium pressure Hg lamp was analyzed for degradation products by LC-MS using both negative and positive modes. The standard DCF and NPX mixture was also analyzed for possible degradation products using LC-MS and FT-ICR-MS (Kanakaraju et al. 2014b (Kanakaraju et al. , 2015b . It should be noted that most degradation pathway studies are performed using low intensity light to allow for the detection and subsequent identification of degradants (Klauson et al. 2010; Trovó et al. 2011) .
The ions detected in the individual standards of DCF and NPX were all confirmed in the standard 1:1 mixture (Fig. S3) . Ions of NPX (t R = 7.3 min) (m/z 275, 253, 231, and 185) and DCF (t R = 13.3) (m/z 318) were established to be present in positive mode LC-MS (Fig. S3a) . FT-ICR-MS confirmed the molecular formulas of ions m/z 275 and 253 in NPX and m/z 318 in DCF (Table 2) . Ions of NPX (m/z 481, 311, 229, 185, 171, and 170) and DCF (m/z 294 and 250) were also found to be present in negative mode LC-MS (Fig. S3b) . Again, formulas corresponding to ions at m/z 481, 229, 185, and 170 in NPX and m/z 250 in DCF were confirmed by FT-ICR-MS (Table 2) .
To determine the formation of degradation products after TiO 2 -mediated photocatalysis of the DCF and NPX mixtures, UV profiles and m/z values were compared to those formed by the individual APIs. Figure 6 shows the UV chromatogram and the BPC in (−)-ESI and (+)-ESI modes (see Fig. S4 for corresponding EIC). The UV chromatogram for the treated mixture corroborates that observed in the UV spectra (Fig. 3) ; both the starting materials have, in part, degraded (Fig. S5) . Interpretation of the MS data confirmed that several degradation products observed in the individual APIs were also present in the TiO 2 -mediated photocatalytic degradation of the DCF and NPX mixtures (Table 2 and Fig. S4 ) (Kanakaraju et al. 2014b (Kanakaraju et al. , 2015b . Treatment of the DCF and NPX mixtures resulted in the detection of two larger mass degradation products (putative molecular weight 407 and 453 g/mol) (Fig. 7) . Neither of these products was formed in the individual treatments. One interesting characteristic of these products was the order of their elution; they eluted after 13.8 min as compared to the parent NPX (t R = 7.3 min) and DCF (t R = 13.3 min), suggesting generation of hydrophobic degradation products. These two products could possibly result from a hybrid cross-coupling between the two parent APIs, between their intermediates formed during the course of reaction, or between the intermediates and the parent APIs. While FT-ICR-MS enabled accurate mass determination and provided candidate molecular formulas, assignment of structures is not possible without further isolation of individual components and the application of other techniques, e.g., nuclear magnetic resonance (NMR). In general, nonhydrogenated degradation products are formed during direct photolysis while hydroxylated ones are primarily produced by photocatalysis (Cosa 2004; Shiraishi and Hirai 2008) . Degradation products of DCF by direct photolysis (Agüera et al. 2005 ; molecular weights 181, 215, and 259) were found to be s i m i l a r t o t h o s e p r o d u c e d b y Ti O 2 -m e d i a t e d photocatalysis (Martínez et al. 2011 ). In the case of the 1:1 DCF/NPX mixture, two hydroxylated products with molecular weights of 241 and 197 were also detected ( Table 2 ), suggesting that direct solar and TiO 2 -mediated mechanisms operate simultaneously. Similarly, NPX photolytic degradation products (Boreen et al. 2003) were also formed during TiO 2 -mediated photocatalysis (Méndez-Arriaga et al. 2008b) . For example, the presence of 1-ethyl-6-methoxynaphthalene (molecular weight 186), which was identified as the main product formed during direct photolysis under anaerobic conditions (Boscá et al. 1990 ), was also confirmed under TiO 2 -mediated photocatalytic conditions (Méndez-Arriaga et al. 2008b) . Interestingly, this compound was not detected in the TiO 2 -mediated photocatalysis of the 1:1 DCF and NPX mixture in this study. In fact, most of the NPX products detected were hydroxylated compounds (Fig. 7) , indicating that TiO 2 -mediated photocatalysis is the primary mechanism of degradation.
Conclusion
Degradation of NPX and DCF mixtures in water matrices by TiO 2 -mediated solar photocatalysis was demonstrated to be consistent, efficient, and significantly enhanced as compared to solar photolysis alone. Solar photolysis of the NPX and DCF mixtures showed some competition between the two drugs in particular in drinking water and river water, confirming the ability of both APIs to undergo solar photolysis. Mostly, the degradation of the mixtures using both methods followed the pseudo-first-order kinetic model and based on solar light intensities was dependent on the water matrix. Partial mineralization suggested the formation or release of a wide range of degradation products at different rates during the solar exposure. Furthermore, two crossed-coupling degradation products were generated in addition to those formed during the individual TiO 2 -mediated photocatalytic treatments and their structures postulated. At this stage, the identification of the structures and the toxicity of these degradation products remain incomplete. Overall, TiO 2 -mediated solar photocatalysis has the potential to be a useful and efficient alternative for water purification containing NSAIDs; however, future studies should focus on assessing toxicity to determine its applicability to environmental remediation. For largescale TiO 2 -mediated solar photocatalysis applications, concentrated sunlight presents a viable commercial alternative, to the experimental setup used in this study. 
